We combine Herschel PACS and SPIRE maps of the full 2 deg 2 COSMOS field with existing multiwavelength data to obtain template and model-independent optical-to-far-infrared spectral energy distributions (SEDs) for 4,218 Herschel-selected sources with log(L IR /L ) = 9.4-13.6 and z = 0.02-3.54. Median SEDs are created by binning the optical to far-infrared (FIR) bands available in COSMOS as a function of infrared luminosity. Herschel probes rest-frame wavelengths where the bulk of the infrared radiation is emitted, allowing us to more accurately determine fundamental dust properties of our sample of infrared luminous galaxies. We find that the SED peak wavelength (λ peak ) decreases and the dust mass (M dust ) increases with increasing total infrared luminosity (L IR ). In the lowest infrared luminosity galaxies (log(L IR /L ) = 10.0-11.5), we see evidence of Polycyclic Aromatic Hydrocarbons (PAH) features (λ ∼ 7-9 µm), while in the highest infrared luminosity galaxies (L IR > 10 12 L ) we see an increasing contribution of hot dust and/or power-law emission, consistent with the presence of heating from an active galactic nucleus (AGN). We study the relationship between stellar mass and star formation rate of our sample of infrared luminous galaxies and find no evidence that Herschel-selected galaxies follow the SF R/M * "main sequence" as previously determined from studies of optically selected, star-forming galaxies. Finally, we compare the mid-infrared (MIR) to FIR properties of our infrared luminous galaxies using the previously defined diagnostic, IR8 ≡ L IR /L 8 , and find that galaxies with L IR 10 11.3 L tend to systematically lie above (×3-5) the IR8 "infrared main sequence", suggesting either suppressed PAH emission or an increasing contribution from AGN heating.
INTRODUCTION
Surveys of the sky in far-infrared wavelengths are crucial to gain a complete understanding of the nature of extragalactic objects. Dust in galaxies absorbs the ultra-violet (UV) radiation from young, massive stars and reradiates thermally in the infrared. This happens to some degree in all galaxies, but in the most bolometrically luminous galaxies, the total infrared radiation (L IR ≡ L(8-1000 µm)) dominates the total emission (e.g. Sanders & Mirabel 1996) . Although rare locally, these Luminous Infrared Galaxies (LIRGs, 10 11 L < L IR < 10 12 L ) and Ultra-Luminous Infrared Galaxies (ULIRGs, L IR > 10 12 L ) have a significant contribution to the buildup of stellar mass and growth of supermassive black holes at higher redshifts, producing as much as 50% of the stellar mass in the universe at redshifts z ∼ 2-3 (Chapman et al. 2005; Le Floc'h et al. 2005; Casey et al. 2012 ) and as much as ∼ 30% of the integrated black hole growth through highly obscured accretion (Treister et al. 2009 (Treister et al. , 2010 .
The Herschel Space Observatory (Pilbratt et al. 2010 ) provides us with the first sensitive observations of the sky at far-infrared wavelengths, where the bulk of the infrared radiation is emitted. This allows us to more accurately measure bolometric infrared luminosity, which is a fundamental property of galaxies and is thought to be an excellent tracer of the star formation rate in (U)LIRGs (e.g. Kennicutt 1998) . One of the key deep fields surveyed with Herschel was the Cosmic Evolution Survey (COSMOS) field (Scoville et al. 2007 ), a 2 deg 2 field with extensive coverage of multiwavelength imaging and spectroscopic observations. With this new and unique dataset, we can begin to examine what powers the extreme luminosities in infrared luminous galaxies.
A major drawback of many previous studies of infrared luminous galaxies is that they do not have sufficient wavelength coverage at FIR wavelengths (∼100 µm), where the SED peaks. Many previous studies have relied on uncertain extrapolations from available wavebands (e.g. Spitzer 24µm) that can be affected by AGN contamination or poor assumptions of the SED shape in the FIR. This becomes especially problematic for studies at high redshift, as the available wavebands are redshifted even farther away from the FIR peak of the SED, and the MIR bands begin to be contaminated by PAH emission that can vary substantially in strength. In addition, many of the extrapolations are based on fits to SED libraries (e.g. Chary & Elbaz 2001; Dale & Helou 2002; Draine & Li 2007 ) that are constructed from galaxies at low redshift, and these models may not represent the SEDs of high redshift galaxies. Indeed, studies using stacking techniques to better study long wavelength data have shown that extrapolations from mid-IR wavelengths are generally accurate at low redshifts and low infrared luminosities, but become significantly less accurate at high redshifts and high infrared luminosities (Papovich et al. 2007 ; Lee et al. 2010 ). Studies at submillimeter wavelengths (λ 850µm) avoid the problem of extrapolation from MIR wavelengths, but are affected by a severe bias in dust temperature (Blain et al. 2004; Chapman et al. 2004; Casey et al. 2009) .
In this paper, we select galaxies at wavelengths where their FIR SEDs peak, avoiding the need for uncertain extrapolations from MIR observations and avoiding the temperature bias of submillimeter surveys. We study the full SEDs (UV-to-FIR) of a large population of Herschelselected galaxies without using any prior assumptions of SED shape. This paper is organized as follows: the data are described in §2 and in §3 we examine the fundamental dust properties of our full sample of 4,218 galaxies. In §4, we construct median SEDs and investigate how they evolve as a function of L IR . In §5, we discuss whether there is evidence that our objects lie on the optical and infrared "main-sequence" as suggested by previous studies of star-forming galaxies and infrared luminous galaxies. When calculating rest-frame quantities, we use a cosmology with Ω m = 0.3, Λ = 0.7, and H 0 = 70 km s
and we also assume a Salpeter initial mass function (IMF: Salpeter 1955) when deriving SFRs and stellar masses.
DATA AND SAMPLE SELECTION
2.1. Far-Infrared Observations We use observations from the ESA Herschel Space Observatory (Pilbratt et al. 2010) , in particular employing Herschel's large telescope and powerful science payload to do photometry using the Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al. 2010) and Spectral and Photometric Imaging Receiver (SPIRE, Griffin et al. 2010) instruments.
The COSMOS field has been observed down to the confusion limit of ∼ 20mJy at 250µm, 350µm, and 500µm by Herschel SPIRE as part of the Herschel Multi-tiered Extragalactic Survey (HerMES; Oliver et al. 2012) . In order to measure accurate flux densities of sources in the confusion-dominated SPIRE mosaics, we use the linear inversion technique of cross-identification (hereafter XID), as described in Roseboom et al. (2010 Roseboom et al. ( , 2012 . A linear inversion technique fits the flux density of all known sources simultaneously, but the accuracy of such a technique is greatly dependent on the completeness of the sample of prior known sources. For infrared sources, the list of priors is generally taken as sources that are bright at 24µm or 1.4 GHz. Observations at both of these wavelengths have much better resolution than FIR observations, and both are thought to correlate strongly with total infrared luminosity (Helou et al. 1985; Condon 1992; Kennicutt 1998; Rieke et al. 2009 ). Our COSMOS-Spitzer (Sanders et al. 2007 ) survey provides very deep coverage at 24µm, containing >39,000 sources with S 24 > 80µJy (90% completeness limit) over an effective area of 1.68 deg 2 (Le Floc'h et al. 2009 ), and complete coverage at 1.4 GHz with the VLA, leading to 2,865 sources with 1σ ∼ 12µJy (Schinnerer et al. 2010 ). While we include 1.4 GHz counterparts when extracting sources from the SPIRE map to ensure completeness of our list of priors, we also require a 24µm counterpart for our SPIRE detections in order to maintain uniformity with the PACS sources. The XID method provides flux density measurements for every input source, but following the recommendations in Roseboom et al. (2010) , we only keep sources with S/N > 5 and χ 2 < 5. This yields 8,308 sources detected at 250µm, 3,186 sources detected at 350µm, and 955 sources detected at 500µm, with typical 1σ total noise (instrumental + confusion) of 2.2, 2.9, and 3.2 mJy in the 250, 350, and 500µm bands, similar to what was found in Roseboom et al. (2012) .
Herschel PACS observations in the COSMOS field at 100µm and 160µm were performed as a part of the PACS Evolutionary Probe program (PEP; Lutz et al. 2011) . Catalog extraction was performed blindly, using the Starfinder PSF-fitting code (Diolaiti et al. 2000) , and employing 24µm priors following the method described in Magnelli et al. (2009) , but in this work we use the sources extracted from 24µm priors to maintain consistency with the SPIRE sources that are extracted using 24µm priors.
Observations at Shorter Wavelengths
Optical counterparts of our Herschel sample are found following the matching algorithm adopted by Le Floc'h et al. (2009) . As a necessity of our Herschel source extraction, all of our sources have 24µm counterparts. Thus, we first find K s -band counterparts (from McCracken et al. 2010) for each 24µm source using a matching radius of 2 . A matching radius of 1 is then used to match these K s -band counterparts to the i + -band selected photo-z catalog of Ilbert et al. (2009) . Sources without K s -band counterparts are matched directly to the photo-z catalog using a matching radius of 2". The photo-z catalog contains Subaru B, V, g+, r+, i+, z+, (Capak et al. 2007; Taniguchi et al. 2007 ) and Ultra-VISTA J, K (McCracken et al. 2012) fluxes, in addition to excellent photometric redshifts for 933,789 sources selected at i + AB < 26.5 mag from the Subaru/Suprime-CAM observations of COSMOS (Capak et al. 2007 ). Spitzer IRAC (Sanders et al. 2007) 3.6µm, 4.5µm, 5.8µm , and 8µm counterparts are found using a similar method, by matching to the K s -band counterparts using a 1 matching radius. We also find sub-millimeter flux den-sities from AzTEC (Scott et al. 2008; Aretxaga et al. 2011) and MAMBO (Bertoldi et al. 2007 ) by using a matching radius of 2 for the sources that have radio counterparts. In all, we have full multi-wavelength coverage of Herschel-selected sources from optical through sub-millimeter wavelengths.
2.3. Photometric Redshifts As mentioned in §2.2, the extensive multiwavelength coverage in the COSMOS field leads to extremely accurate photometric redshifts (hereafter photo-z), detailed in Ilbert et al. (2009) . Photo-z are calculated using fluxes in 30 bands, covering the far-UV at 1550Å to the mid-IR at 8.0µm. The uncertainties in the photo-z depend primarily on the redshift and apparent i + magnitude of the source, with errors increasing with fainter and more distant galaxies, but a comparison with faint spectroscopic samples in the COSMOS field revealed a dispersion as low as σ ∆z/(1+zs) = 0.06 for sources with 23 mag < i + AB < 25 mag at 1.5 z 3 (Lilly et al. 2007 ). Casey et al. (2012) find that photo-z's can be much less accurate for infrared-selected samples, with σ ∆z/(1+zs) ≈ 0.3 at z < 2, but there is no evidence of a systematic offset.
Approximately 1000 of our 24µm sources are also detected in the X-ray by XMM-Newton (Brusa et al. 2010) or Chandra (Civano et al. 2011) , and for these sources we use the photo-z's derived from Salvato et al. (2011) , who have the best photometric redshifts ever produced for AGN, reaching σ ∆z/(1+zs) = 0.015 for sources with i + AB < 22.5 out to z = 4.5.
Herschel Sample Selection
We restrict our sample of Herschel-selected galaxies to sources with ≥ 5σ detections in at least two of the five Herschel PACS and SPIRE bands (100, 160, 250, 350, or 500µm) . This requirement reduces the contamination from spurious detections and gives us enough data points in the far-infrared to accurately constrain the shape of the infrared SED (see §3). This selection ultimately results in 4,218 sources spanning redshifts 0.02 < z < 3.5.
As with any selection, there are biases that affect our sample. The requirement of a 24µm source to use as a prior biases our sample against heavily obscured objects and high-redshift objects (Roseboom et al. 2010; Casey et al. 2012) or galaxies with strong silicate absorption features that are redshifted into the 24µm band (Magdis et al. 2011 ). The biases introduced by our requirement of 5σ detections in two of the five Herschel bands is less obvious. To explore the biases introduced by our selection criteria, we model the SEDs of galaxies spanning a wide range of peak wavelength (λ peak ∼ 10-300µm), infrared luminosity (log(L IR /L ) ∼ 8-14), and redshift (z ∼ 0-3.5). We then convolve these (redshifted) model SEDs with the transmission curves of the relevant Spitzer and Herschel bands to determine their observed flux densities. Figure 1 displays the selection functions in peak wavelength and infrared luminosity space at different redshifts. At most redshifts, we see a slight bias against sources with long peak wavelengths (colder dust temperatures), although by requiring detections in multiple wavelengths, we see much flatter selection functions than typically seen in single-band selections. Figure 1 . Selection function from our criteria requiring at least two detections in the Herschel PACS & SPIRE bands. The lines represent the selection function at various redshifts. The measured peak wavelengths and infrared luminosities of our Herschel sample are over-plotted as colored dots, with each color corresponding to galaxies that are at similar redshifts to the lines. The white circles represent the median peak wavelengths of our sample, while the white stars represent the mean peak wavelengths from the Symeonidis et al. (2013) study of Herschel galaxies. Even though our selection function is slightly biased against cold dust temperature sources, we find that our sample of Herschel galaxies have slightly longer median peak wavelengths than the Symeonidis et al. (2013) study.
DUST PROPERTIES
We estimate the total infrared luminosity (L IR ) of individual Herschel-selected galaxies by directly fitting their FIR photometry to a coupled modified greybody plus a MIR power law 17 , as in C12. The main strength of this technique is that we do not rely on templates which incorporate a myriad of free parameters, most of which cannot realistically be constrained by data; instead, using this simple model, we can cleanly fit the available photometric data without introducing biases which are template-dependent.
C12 compare this greybody fitting technique with template fits from Chary & Elbaz (2001, hereafter CE01) , Dale & Helou (2002) , Draine & Li (2007) and Siebenmorgen & Krügel (2007) using local (U)LIRGs from the GOALS survey (Armus et al. 2009 (Armus et al. , U et al. 2012 , and find that the simple greybody plus power-law fits provide a statistically better fit to the data than any of the templates at all wavelengths. One potential drawback of this simple fit is that it does not fit PAH features in the MIR, although such spectral features could be modeled on top of the simple fit in the future. However, the net contribution of PAH features to the integrated 8-1000µm infrared luminosity is negligible (< 5%). Without detailed information in the MIR, fits to PAH features can be extremely uncertain.
As suggested in C12, we fix the MIR powerlaw slope, α = 2.0, and the dust emissivity, β = 1.5. For each source we then perform the fit using all available photometric data at observed wavelengths λ ≥ 24µm. Our SED fits allow us to constrain L IR , peak wavelength (λ peak ), and dust mass (M dust ), with typical uncertainties of σ LIR ∼ 0.15 dex, σ λ peak ∼ 13µm, and σ M dust ∼ 0.38 dex. The rest-frame SED peak wavelength of S ν is a proxy for dust temperature (λ peak ∝ 1/T dust ), but the actual conversion to dust temperature is very dependent on the assumed opacity and emissivity model. For example, an SED that peaks at 100µm can have a dust temperature of 29
• K (blackbody), 31
• K (optically thin greybody), 44
• K (greybody with τ = 1 at 100µm), or 46
• K (greybody with τ = 1 at 200µm). Due to these uncertainties in dust temperature from different model assumptions (see C12 for more details), we prefer to estimate λ peak , which is insensitive to model assumptions.
We plot λ peak and L IR for our entire sample in Figure  1 on top of the selection function for our sample. Symeonidis et al. (2013) previously analyzed the dust temperatures of a sample of Herschel-selected galaxies that is near-complete in SED types and is thought to be representative of the infrared galaxy population as a whole up to z ∼ 2. We convert their measured mean dust temperatures to λ peak and find good agreement between our two studies: both studies show similar trends in rest-frame peak wavelength vs. L IR , with nearly equal values at the highest infrared luminosities and slightly cooler values for our current study at lower infrared luminosities.
Our sample of Herschel-selected galaxies spans a range log(L IR /L ) ≈ 9.4-13.6, which we show in Figure 2 . We then compare L IR determined from our greybody & power-law fits to L IR determined from fitting to SED templates from CE01 in Figure 3 . We use the code Le Phare 18 developed by S. Arnouts and O. Ilbert to fit the infrared SEDs to the models from CE01. Le Phare is a data analysis package used primarily to compute photometric redshifts, but can also be used to perform a χ 2 analysis to find best fit galactic model SEDs in the farinfrared. At low redshift (and low infrared luminosity), we see that the C12 greybody fits measure lower infrared luminosities than the CE01 template fits by an average of about 0.1 dex, similar to what was seen in C12 when they compared these two methods using the GOALS sample of local (U)LIRGs. Over the entire sample, the luminosities computed from each method differ by an average of ∼ 0.11 dex, within the typical uncertainty in L IR of ∼ 0.15 dex, with a slightly larger disagreement at high redshifts and high infrared luminosities. This is not surprising since all of our sources are detected in multiple Herschel bands and are fairly well constrained at FIR wavelengths.
MEDIAN SEDS
To examine detailed galaxy SEDs without making assumptions on the SED shape, we construct average SEDs that will allow us to study the average properties of a population of galaxies. By combining galaxies at different redshifts, we also sample different rest-frame wavelengths, allowing us to sample a larger portion of the full SED without requiring observations in additional passbands. In this section, we describe our methodology for constructing median SEDs and then discuss what these SEDs tell us about the average properties of infrared luminous galaxies.
Constructing Median SEDs
An inherent assumption in any averaging technique is that all of the sources in a particular bin have similar SEDs. We restrict our averaging analysis to galaxies 18 http://www.cfht.hawaii.edu/ arnouts/lephare.html Num. Sources z < 0.5; 1273 sources 0.5 < z < 1.5; 2148 sources 1.5 < z < 2.5; 650 sources 2.5 < z < 3.5; 147 sources all; 4218 sources 0 1 2 3 4 Redshift 0 500 1000 1500 Num. Sources 10.0 < log LIR < 11.0; 885 sources 11.0 < log LIR < 11.5; 853 sources 11.5 < log LIR < 12.0; 1073 sources 12.0 < log LIR < 12.5; 816 sources 12.5 < log LIR < 13.5; 537 sources all; 4218 sources Figure 2 . Histograms of both bolometric infrared luminosity (top) and redshift (bottom) of our sample of over 4000 Herschel galaxies selected in the COSMOS field, requiring at least two detections in the far-infrared Herschel PACS or SPIRE bands. We also plot the histograms of sources split into redshift bins and infrared luminosity bins. The luminosity bins are selected so that there are approximately equal numbers of sources in each bin.
with similar emission properties by splitting our sample of Herschel-selected galaxies into bins based on their total infrared luminosity calculated from their individual SED fits. The implications of this binning are discussed in §4.3. We split our sample into five infrared luminosity bins to probe SED evolution with SFR: log(L IR /L ) = 10-10. 99, 11-11.49, 11.5-11.99, 12-12.49, and 12.5-13.5 . Due to the dynamical range of this survey, these bins also coincide with different redshift bins, with the lowest luminosity sources at z ∼ 0.3 and the highest at z ∼ 2. For each source, we combine all the available photometry in COSMOS, from Subaru B-band through Herschel-SPIRE 500µm for all sources (or up to ≈ 1 mm for those sources detected with AzTEC and/or MAMBO). The SEDs for individual sources are redshifted to the object rest-frame wavelengths and converted to units of νL ν using photometric redshifts. In each luminosity bin, we then normalize all the SEDs so that each source has the same infrared luminosity, which we set as the average L IR of all sources in that particular bin (see Table 1 ). Once all photometric points are properly redshifted and normalized, we bin the data into wavelength bins from 0.1 µm to 1000 µm, with a logarithmic width of 0.05 dex. We only include bins that have at least 20 data points and where the standard error of the mean (σ/ √ N ) is smaller than 0.05. These limits are empirically chosen with the intent of having as much wavelength coverage as possible, but not including erroneous median values 2.5 < z < 3.0 1.5 < z < 2.5 0.5 < z < 1.5 z < 0.5 Figure 3 . A comparison of the total infrared luminosity (L IR ) derived from our greybody fits on the x-axis and the L IR derived from fits to template libraries from Chary & Elbaz (2001) on the y-axis. Different colored filled circles represent galaxies in different redshift ranges, spanning 0 < z < 3.5, while white circles represent running median values of the distribution. Typical errors are displayed on the right side of the plot. The L IR values measured from the two methods agree well, with the largest offset at low redshifts/infrared luminosities, where the C12 greybody fits have systematically lower infrared luminosities (although still within the typical uncertainties).
that were affected by small number statistics. Including median values of wavelength bins that don't meet this criteria introduce large, unphysical variations that skew the SEDs. Figure 4 displays all of the normalized and rest-frame SEDs, with our calculated median SED over plotted. Error bars for each median point are calculated by measuring the value √ N ranks away from the median value, where N is the number of sources in that particular bin.
Median SEDs as a Function of L IR
We plot all the median SEDs together in Figure 5 in order to directly compare the SEDs and see how the typical SED changes with L IR . Since the photometry in each bin has been normalized to the median L IR in that bin, we see a very clear variation of the strength of the far-infrared emission in each median SED. Another clear trend is that the far-infrared SEDs peak at shorter wavelengths at higher L IR , peaking at λ ∼ 100µm in the lowest luminosity bin and peaking at λ ∼ 60µm in the highest luminosity bin. Since the infrared SED is dominated by blackbody emission at these wavelengths, this suggests that galaxies with higher infrared luminosities have warmer dust temperatures, a trend we also see from our individual galaxies (see Figure 1) . To better quantify this evolution, we fit each median SED in S ν using the C12 greybody fits and determine the average dust properties of these galaxies -infrared luminosity, peak wavelength, and dust mass. The results are listed in Table 1, and there is a clear trend in both dust mass and dust temperature toward hotter and more massive dust reservoirs with increasing infrared luminosity. The top left panel displays the SEDs of the full sample of galaxies, in units of νLν , redshifted to rest frame wavelengths and normalized so that every galaxy has L IR = 10 11 L , colored by luminosity bin. The remaining plots display the SEDs of the galaxies in each infrared luminosity bin, normalized to the mean L IR in that bin (black points). Overplotted on each plot is the derived median SED that was calculated in each bin (colored points). Error bars for the median SEDs can be found in Figure 5 .
We also see the MIR (λ rest ∼ 10-20µm) portion of the SED increasing with L IR , suggesting a stronger contribution from warm dust in the form of a MIR power-law. MIR power-law emission is generally thought to be dominated by emission from dust grains heated to extremely high temperatures (≈ 1500-2000
• K) in the dusty tori around AGN, and indeed we even see direct evidence of AGN in the SEDs of a non-negligible fraction of individual galaxies at the highest luminosities. In Figure  4 , the two highest infrared luminosity bins have some objects with data points at rest-frame UV wavelengths suggestive of a "big blue bump" commonly associated with AGN, and thought to be the thermal emission from an optically thick accretion disk surrounding a massive black hole (e.g. Shields 1978; Malkan & Sargent 1982) . However, we note that these galaxies with putative AGN signatures still make up only a relatively small percentage of the sample and removing galaxies classified as AGN does not affect our median SEDs significantly.
Although we do not have the uniform wavelength coverage to make detailed comparisons across all luminosity bins, we also see possible PAH signatures at MIR wavelengths. In the two lowest luminosity bins, we see Table 1 Average Properties of Herschel-selected galaxies Note.
- ( evidence of an emission feature at λ rest ≈ 7-8µm, presumably due to the strong PAH emission line at 7.71µm (Tielens et al. 1999) . The SEDs for the two highest infrared luminosity bins also show hints of an absorption feature at λ rest ≈ 10µm that could possibly be explained as silicate absorption. We explore the variation of MIR features (specifically at λ rest ≈ 8µm) with L IR in more detail in §5.2.
An additional trend seen at shorter wavelengths is that at increasing infrared luminosities, the SEDs also have increased luminosity at optical and near-infrared (NIR: λ rest ≈ 2-5µm) wavelengths. However, while the average infrared luminosities across our bins increase by a factor of ∼ 100, the optical-NIR luminosities only increase by a factor of ∼ 10. Near-infrared emission comes mostly from relatively older, cooler, and less massive stars that dominate the stellar mass of a galaxy, so this suggests that our more infrared luminous sources have larger stellar masses. To investigate this further, we normalize all of the median SEDs at 1.6µm to an arbitrary value of νL ν (1.6µm) = 10 9 L and plot the result in Figure 6 . The relative difference between far-infrared luminosity and optical-NIR luminosity (or stellar mass) is clearly displayed, with the highest L IR bins showing more than an order of magnitude difference between FIR luminosity and optical-NIR luminosity, while the lowest L IR bin has almost equal FIR luminosity and optical-NIR luminosity. We explore the relationship between stellar mass (M * ) and L IR in §5.1.
Trends with Redshift or Luminosity?
A major issue we must reconcile when studying our median SEDs is the degeneracy between redshift and infrared luminosity. As seen in Figure 3 , redshift and infrared luminosity are correlated. This is because at low redshift, we do not cover enough volume to properly sample the high luminosity population, and at high redshift, the low luminosity galaxies fall below our detection limits. In addition, at low redshifts, the number density of high infrared luminosity galaxies drop dramatically, which makes detection of the highest luminosity galaxies difficult in the lowest redshift bins. Thus, it is possible that instead of witnessing evolution of SEDs with infrared luminosity, we are simply looking at galaxies at different redshifts that have evolving SEDs because of redshift evolution.
We tested if the trends with luminosity seen in §4.2 were actually due to redshift evolution by splitting each luminosity bin sample into redshift bins with width ∆z = 0.5, and then constructing new median SEDs with the smaller subsamples. For every luminosity bin, we find that the new median SEDs in all redshift slices were consistent with each other, and did not evolve significantly with redshift. This suggests that the main cause of the variation in SEDs is indeed the infrared luminosity of the objects.
DISCUSSION
Our large sample of 4,218 Herschel-selected galaxies in the COSMOS field has permitted us to determine basic properties of luminous infrared galaxies at redshifts out to z ∼ 3.5. Although this is not the first large sample of (U)LIRGs at high redshift, our analysis is the first to systematically investigate the median SED properties of (U)LIRGs as a function of L IR at these redshifts. One of the more surprising results from previous studies has been the suggestion that the majority of luminous infrared galaxies at high redshift form stars in a "normal main sequence mode". Noeske et al. (2007) find a tight correlation between stellar mass (M * ) and star formation rate (SFR), and that this entire correlation shifts towards lower specific star formation rates (sSF R ≡ SF R/M * ) with time by a factor of ∼ 3 from z = 0.98 to z = 0.36. Elbaz et al. (2011, hereafter E11) find that infrared luminous galaxies seem to fall on an "infrared main sequence" with a constant value of IR8, defined as the ratio of total infrared luminosity (L IR ) to luminosity at restframe 8µm (L 8 ≡ νL ν (8µm)).
At low redshifts, both of these "main sequence" relations appear to hold for galaxies with L IR < 10 11.3 L , but at higher infrared luminosities, galaxies systematically lie above both the SF R/M * "main-sequence" and the IR8 "infrared main sequence". At higher redshifts, these "main sequences" appear to shift to higher SFRs (or L IR ), which means that LIRGs and ULIRGs begin to overlap with the main sequence, begging the question -are (U)LIRGs at high redshift simply scaled up versions of lower luminosity galaxies? This has many important implications for understanding star-formation at high redshift, and we wish to investigate these questions using our new large sample of objects. Figure 6. Median SEDs from each infrared luminosity bin, all normalized so that νLν (1.6µm) = 6 × 10 10 L . The factor that each SED was multiplied by (when compared to Figure 5 ) is shown on the right side of the plot. This plot emphasizes the differences in emission at both mid-infrared and far-infrared wavelengths between galaxies in different luminosity bins.
(2003) with an IMF from Chabrier (2003) and an exponentially declining star formation history, and we convert these masses to a Salpeter (1955) IMF by multiplying by a factor of 1.8 (as in Micha lowski et al. 2012) . We calculate total SFRs for each galaxy by combining their unobscured SFR from GALEX (Muzzin et al. 2013 ) with obscured SFR from L IR using the conversion
given in Kennicutt (1998) , although due to our Herschel selection, the obscured star formation dominates the SFR in most of our galaxies. We plot SFR and M * of all our galaxies in Figure 7 . For comparison, we also include "main sequence" lines for three redshift bins: z ∼ 0, 1, 2 (Daddi et al. 2007; Elbaz et al. 2007 ). 2.5 < z < 3.0 1.5 < z < 2.5 0.5 < z < 1.5 z < 0.5 Figure 7 . Stellar Mass vs. SFR of our entire Herschel sample, colored by redshift. Our redshift bins span z < 0.5 (purple), 0.5 < z < 1.5 (blue), 1.5 < z < 2.5 (yellow), and 2.5 < z < 3.0 (red). Colored solid lines represent the "main-sequence" of galaxies at z ∼ 0 (purple, Daddi et al. 2007 ), z ∼ 1 (blue, Daddi et al. 2007) , and z ∼ 2 (yellow, Elbaz et al. 2007) , and the horizontal dotted lines simply mark the star formation rates that correspond to the infrared luminosities of LIRGs, ULIRGs, and HyLIRGs.
At all redshifts, we see no evidence that the Herscheldetected galaxies in the COSMOS field concentrate on the nominal main-sequence trends plotted, but instead appear to have a much flatter distribution with stellar mass. We stress that Herschel observations of COS-MOS generally sample only the most luminous regime of the SFR/M * plane, so we can not make any statements about galaxies at lower luminosities. Indeed, in a mass-selected sample, the Herschel-selected galaxies represent only a small percentage of the total number of galaxies (e.g. Rodighiero et al. 2011) . However, our sensitivity in SFR is sufficient enough such that we should still see evidence of galaxies clustering or concentrating around the "main sequence" relation if such were the case. To demonstrate this, we model a population of 4000 galaxies at a redshift z = 1 with masses between 9.5 <log(M * ) < 11.5 that follow the SFR/M * main-sequence from Bouché et al. (2010) , who provide a redshift-dependent functional form of the main-sequence. We then simulate our Herschel selection by removing all sources with SFR< 50M * /yr, the approximate selection function at z = 1 (see Figure 1) . Over 1000 such simulations, we find an average of 37% of the remaining simulated galaxies lie more than 0.3 dex off the main-sequence, with a maximum of 44%. In contrast, ∼ 60% our Herschel galaxies lie more than 0.3 dex above the redshift dependent main-sequence. Thus, we find almost twice as many galaxies above the SFR/M * mainsequence as would be expected.
These results are similar to those found in Rodighiero et al. (2011) , who see that the Herschel PACS detected galaxies in their sample have a relatively flat distribution across stellar mass. However, Rodighiero et al. (2011) suggest that the presence of a large population of color-selected BzK galaxies that lie on the mainsequence dominate the number counts such that the overall population of star-forming galaxies still follows the general main-sequence trend. This may be the case at low masses, but at the high mass end where the mainsequence lies above the Herschel sensitivity limits, this cannot be the case unless there exists a large population of extremely UV bright, infrared dim objects with high star formation rates (SF R > 100 M /yr) that are missed by Herschel. A more likely explanation is that SFR indicators based on IR data, which directly measure the obscured star formation, differ greatly from SFR indicators that are based on measuring the unobscured star formation rate and applying a correction for dust. Indeed, for our sample of Herschel sources, we find that the optically derived total SFRs (corrected for dust) underpredict the far-infrared derived total SFR by a factor of 2.7 (median) to 9.6 (mean).
Because our sample is essentially a SFR selection, we cannot infer anything about the main-sequence below our selection limits. It may be that galaxies at low star formation rates follow the "main sequence", but at star formation rates above a specific limit (e.g. SFR> 100M /yr at z ∼ 1), galaxies deviate significantly from the main sequence, as seen in local galaxy samples (Larson et al. in prep) . One possible physical explanation may be that the high star formation rates probed by Herschel observations require more extreme physical processes, such as galaxy mergers (Hung et al. 2013 ).
Mid-Infrared to Far-Infrared Diagnostics
Recent studies of Herschel-selected galaxies in GOODS-N and GOODS-S (E11, Nordon et al. 2012) have concluded that most infrared luminous galaxies at redshifts z ∼ 0-3 have a constant ratio of total infrared luminosity (L IR ) to νL ν at 8µm (L 8 ), defined as IR8 ≡ L IR /L 8 . E11 find that most infrared luminous galaxies at these redshifts follow a Gaussian distribution centered on IR8 = 4 (σ = 1.6), which they claim defines an "infrared main sequence for star-forming galaxies independent of redshift and luminosity". Those few galaxies which lie above the "infrared main sequence" were classified by E11 as a population of "compact starburst galaxies", as opposed to more extended star-forming re-gions which were assumed to be representative of the larger population of galaxies on the "infrared main sequence". E11 note that these new results were contrary to what is observed in samples of local infrared luminous galaxies, which show a constant IR8 value at infrared luminosities below L IR < 10 11 L , but have a systematic increase in IR8 at higher luminosities (see Figure 8 in E11). These results have contributed to the suggestion that the large majority of (U)LIRGs at high redshift form stars in a "normal main sequence" mode, as opposed to more local (U)LIRGs. We wish to test this important new result using our large sample of high-redshift infrared luminous galaxies.
As discussed in §4.2, we see hints that the MIR PAH features in the median SEDs of the Herschel-selected galaxies in the COSMOS field do in fact vary with infrared luminosity. However, our wavelength coverage is not sufficient to draw meaningful conclusions from the median SEDs alone. In order to compare our studies more directly, we calculate IR8 for each source in our sample. Since we do not have a direct measure of νL ν at 8µm (rest frame) for all of our objects, we extrapolate from observed Spitzer MIPS 24µm or IRAC 8µm fluxes by assuming an SED shape. E11 used an M82 SED template for all of their extrapolations, but had additional coverage at 16µm from Spitzer IRS peak-up array imaging, in addition to Spitzer MIPS 24µm or IRAC 8µm observations, which means they required less extrapolations around z ∼ 1. By measuring L 8 using extrapolations from both 16µm and 24µm for GOODS galaxies with observations at both wavelengths, we find that calculating L 8 from 24µm around z ∼ 1 (as we do in COS-MOS) generally matches the extrapolations from 16µm, with a scatter of a factor of ∼ 2 and no systematic offset (private communication D. Elbaz).
Although a single SED template from M82 was used in E11, we were concerned about assuming a single SED template because rest-frame 8µm lies in a forest of PAH features, and the choice of model used for extrapolation could affect the results drastically. We demonstrate this in Figure 8 , where we plot the extrapolation factors at different redshifts when using SED templates from M82, Mrk231, Arp220 (Polletta et al. 2007) , and starformation SEDs from Brandl et al. (2006) and Pope et al. (2008) . There can be a large variation in derived L 8 depending on which SED template is used. For the remainder of our analysis, we calculate L 8 for our galaxies by using the average L 8 calculated from the models of starforming galaxies (Brandl et al. 2006; Pope et al. 2008, and M82) , and using the standard deviation as an additional error in L 8 . We also repeat all analyses using each single SED template in Figure 8 to see if the use of a particular template affects the results. We find that while the choice of template can affect broad changes (particularly around z ∼ 1.5 due to fitting of the strong 10µm absorption feature), the overall trends we discuss do not differ significantly with the choice of model.
The results of our analysis are plotted in Figure 9 , with the top plot displaying how L 8 varies with L IR , and the bottom plot showing how IR8 varies with L IR . In both plots, we have included a line displaying the "main sequence" from E11, and we see that our sources do not follow a single main sequence, as seen in E11, but instead seem to scatter to much higher IR8 values at infrared Figure 8. The effects of SED template choice on correction factors when calculating L 8 = νLν (8µm). The different colors correspond to different templates that were used: Arp 220 (red), Mrk 231 (orange) and M82 (green) from the SWIRE template library (Polletta et al. 2007 ), mid-IR composite spectra from 13 SMGs from Pope et al. (2008, blue) , and mid-IR composite spectra from starburst galaxies from Brandl et al. (2006, purple) . The value plotted (S 8 /S 8 (z = 2)), gives the ratio of the correction factor applied at the desired redshift to the factor applied at a redshift of z = 2 (notice that every line crosses unity at z = 2). We compare to z = 2 because we have 24µm observations for each source, and at z = 2, the 24µm directly probes rest frame 8µm and so has limited correction factors anyway (slight corrections are needed to account for the different passbands in MIPS 24µm and IRAC 8µm). For redshifts below z = 1, we calculate corrections using the observed IRAC 8µm flux densities, while at all other redshifts we use the MIPS 24µm flux densities. This plot displays the dangers in assuming a single "star-forming" SED template to calculate L 8 , as the template you choose can drastically affect the inferred luminosities.
luminosities L IR 10 11 L , similar to what is seen in the local universe.
The trend we see in IR8 for Herschel-selected galaxies in COSMOS is actually very similar to the trend seen in local galaxies, where galaxies below L IR ∼ 10 11 L lie near the IR8 "infrared main sequence" and galaxies with higher infrared luminosities show a systematic increase in the value of IR8 vs. L IR (see Fig. 8 in E11 ). Could our results be due to a lack of depth in observations? When compared to the observations from the Great Observatories Origins Deep Survey fields (GOODS, E11) that the original "IR8 main-sequence" was based on, we see that we have shallower coverage at both 24 µm and in Herschel, but with much larger volume. It may be that sources with L IR below our far-infrared detection threshold will fall closer to the "IR8 main-sequence," but at each redshift, these galaxies will necessarily fall to the left of the locus of points seen in the bottom panel of Figure 9 , and will not be able to change the median location of those galaxies. It may also be possible that we are missing galaxies with similar L IR to our sample, but were not detected because we require a 24 µm prior, and these galaxies have depressed S 24 . However, these galaxies must necessarily have high IR8(= L IR /L8) values, and will push our results even farther from the "IR8 main-sequence". . Top. A plot comparing L IR and L 8 for our Herschel COSMOS sources, with each symbol colored by redshift. The dashed line represents the relationship quoted in E11. We see that the majority of our detected sources fall off the E11 relationship, in general having much higher L IR than expected from the E11 relationship. Bottom. A plot detailing how IR8 (≡ L IR /L 8 ) changes with infrared luminosity, with colored dots representing the same sources as in the top plot. A running median of IR8 in bins of L IR is displayed with white circles. The black solid line represents the IR8 main-sequence defined by E11, with upper and lower limits drawn as black dotted lines. The maroon horizontal line represents the lower bound for galaxies deemed as "starburst" from their IR8. Typical uncertainties are plotted in the upper left hand corner.
It appears that galaxies at high redshift follow the same general trend as the local galaxies, with lower luminosity galaxies falling along the "IR8 main-sequence" and higher luminosity galaxies scattering to higher IR8, but the cutoff luminosity increases with redshift, due to the increasing gas density and star formation at earlier epochs in the Universe. This interpretation might also explain the discrepancy between our results and those of E11. GOODS (∼ 260 arcmin 2 ) is a much smaller field than COSMOS (∼ 2 deg 2 ), but has PACS observations that are ∼ 3 times deeper than those of the COS-MOS field. As a result of these discrepancies, GOODS observations are more sensitive to low luminosity galaxies, but do not have the volume coverage to find the rare, luminous sources, whereas Herschel-COSMOS observations cannot detect the lowest luminosity galaxies. Since the GOODS observations did not have enough volume to probe the high luminosity (high IR8) galaxies at any redshift, E11 find a "continuous" main sequence by combining the lower luminosity galaxies in each redshift slice. Although the Herschel-COSMOS observations do not have the sensitivity required to fully sample the lower luminosity galaxies that may lie on the IR8 "infrared main sequence," there is sufficient volume coverage to better sample the high infrared luminosity population.
It seems that at the infrared luminosities probed by Herschel-COSMOS, the majority of luminous infrared sources at all redshifts do not follow either the SF R/M * "main sequence", nor the IR8 "infrared main sequence". In general, we see similar trends with L IR as observed for (U)LIRGs in the local universe, where galaxies with L IR 10 11 L lie on these "main sequences" while higher luminosity galaxies lie above the "main sequences".
CONCLUSIONS
We have used new Herschel PACS & SPIRE observations of the large, contiguous 2 deg 2 COSMOS field in order to identify and study the multi-wavelength properties of 4,218 infrared luminous galaxies. Spitzer 24µm counterparts were used to match our Herschel sources to existing multi-wavelength photometry, allowing us to construct full rest-frame UV-to-FIR SEDs and determine accurate photometric redshifts. Our sources span a redshift range of 0.02 < z < 3.54 and a total infrared luminosity range of log(L IR /L ) = 9.4-13.6. We determine the basic properties of each galaxy (e.g. L IR , M dust , and λ peak ) by fitting their infrared SEDs to a coupled modified greybody plus a MIR power law. In order to study the galaxy SEDs in more detail, we then compute median SEDs, binned by their total infrared luminosities.
From our detailed analysis of the COSMOS Herschelselected galaxies, we find the following major results:
1. The SED peak wavelength systematically decreases from λ peak ∼ 140µm at L IR ∼ 10 10.8 L to 85µm at L IR ∼ 10 12.8 L . Over the same luminosity range, the dust mass systematically increases from log(M dust /M ) = 7.6 to 8.8.
A comparison of the average luminosities at FIR
wavelengths and at optical-NIR wavelengths shows that as L IR increases by a factor of 100 (from L IR = 10.8-12.8), the stellar mass increases by only a factor of ∼ 3 (from log(M * /M ) = 10.4-10.9).
3. At lower infrared luminosities (L IR < 11.5), we see evidence of PAH features in the MIR (λ rest ≈ 8µm) which appear less significant at higher luminosities, where we see an apparent increasing contribution of hot dust (T d ∼ 100-300
• K) corresponding to the emergence of a power-law component at λ rest ≈ 3-30µm. At the highest luminosities (L IR > 10 12 L ), we see a small, but increasing fraction of objects with prominent UV & optical excess, similar to the "big blue bump" seen in optically-selected QSOs.
4. We find no evidence that our Herschel-selected luminous infrared galaxies in COSMOS lie on the SF R/M * "main sequence" previously defined by studies of optically selected galaxies. About 60% of our luminous infrared galaxies lie more than 1σ above the "main sequence" relationship.
5. We find no evidence that a constant value of IR8 (≡ L IR /L 8 ) applies to infrared luminous galaxies at high redshift. Instead, we find that at low infrared luminosities, galaxies have a constant value of IR8 (≈ 4±1.6), but at high infrared luminosities (L IR 10 11.3 L ), galaxies systematically lie above the IR8 "infrared main sequence", similar to what is seen for (U)LIRGs in the local universe. This is the first in a series of papers that will explore in more detail the properties of infrared luminous galaxies across cosmic time. Future papers will study morphologies, spectral types, comparisons of UV/optical and far-IR derived SFRs, and comparisons of the high redshift population with complete samples of (U)LIRGs in the local universe (z < 0.3).
